Misoriented division of neuroprogenitors, by loss-of-function studies of centrosome or spindle components, has been linked to the developmental brain defects microcephaly and lissencephaly. As these approaches also affect centrosome biogenesis, spindle assembly, or cell-cycle progression, the resulting pathologies cannot be attributed solely to spindle misorientation. To address this issue, we employed a truncation of the spindle-orienting protein RHAMM. This truncation of the RHAMM centrosome-targeting domain does not have an impact on centrosome biogenesis or on spindle assembly in vivo. The RHAMM mutants exhibit misorientation of the division plane of neuroprogenitors, without affecting the division rate of these cells, resulting against expectation in megalencephaly associated with cerebral cortex thickening, cerebellum enlargement, and premature cerebellum differentiation. We conclude that RHAMM associates with the spindle of neuroprogenitor cells via its centrosome-targeting domain, where it regulates differentiation in the developing brain by orienting the spindle.
INTRODUCTION
Proliferative and neurogenic divisions of neuroprogenitor cells are spatially orchestrated. The former exhibit planar (i.e., occurring in the epithelial plane) and the latter generally apicobasal orientation, although neurogenic divisions may proceed through several intermediate steps (Peyre and Morin, 2012) . Orientation of neuroprogenitor divisions may therefore be causal to cell fate.
The division plane of neuroprogenitors is determined by the mitotic spindle, on which extracellular and intracellular cues converge to modulate its positioning. It is well established that cortical cues and molecular motors, such as NuMA-LGN-dynein, signal to the mitotic spindle ensuring its proper orientation (Kotak et al., 2012) . Perturbation of these cortical signals (e.g., by LGN truncation or modulation of Inscruteable expression) alters the orientation of the neuroprogenitor division plane and, consequently, cell fate of daughter cells, supporting that orientation of neuroprogenitor divisions is the key cell-fate determinant of neuroprogenitors (Konno et al., 2008; Postiglione et al., 2011; Falk et al., 2017) . Nevertheless, the spindle mechanism detecting cell extrinsic or intrinsic cues and translating them to orientation of the division plane, thus regulating spindle response to cortical cues, is largely unknown.
Loss of function of centrosomal or spindle components in animal models perturbs spindle orientation in cortical neuroprogenitors, linking these defects to microcephaly and lissencephaly (Sun and Henver, 2014; Fish et al., 2006; Gruber et al., 2011; Fujimori et al., 2013; Chen et al., 2014) . These animal model studies corroborate the previously reported association of human microcephaly with mutations in centrosomal proteins (Jackson et al., 2002; Bond et al., 2002 Bond et al., , 2005 Guernsey et al., 2010) .
However, loss of function of centrosomal or spindle components also affects centrosome biogenesis, cell-cycle progression, and spindle assembly. This has raised the question whether microcephaly is driven by defects in spindle assembly or orientation (Noatynska et al., 2012; Peyre and Morin, 2012) and the need for more specific approaches to address the impact of spindle (mis)orientation on brain development, e.g., by employing a ''pure'' spindle misorientation model (Noatynska et al., 2012) .
A suitable candidate for such an approach is RHAMM. RHAMM is a spindle-associated protein (Assmann et al., 1999) upregulated during the cell cycle in G2/M (Sohr and Engeland, 2008) . It is required for spindle integrity in vitro (Maxwell et al., 2003; Groen et al., 2004; Joukov et al., 2006) and for spindle orientation in vitro (Dunsch et al., 2012) and in vivo (Li et al., , 2016 . Importantly, depletion (Neumann et al., 2010) or in vivo truncation (Li et al., , 2016 of the RHAMM centrosome-targeting domain does not block bipolar spindle assembly. RHAMM mRNA is expressed in proliferating regions of the larval Xenopus brain, suggesting a brain developmental function (Casini et al., 2010) . (legend continued on next page) mouse brain, in particular at the ventricular zone (VZ) of the cerebral cortex and at the external granule layer (EGL) of the cerebellar cortex, where progenitor or precursor cells divide before differentiating to neurons.
The protein localizes at the spindle of human and mouse cells via the RHAMM centrosome-targeting domain (Assmann et al., 1999; Maxwell et al., 2003; Li et al., 2015) . To analyze the mitotic function of RHAMM in the brain, we employed the hmmr m/m mouse model, which expresses truncated RHAMM lacking the centrosome-targeting domain . Figures 1H and 1I ), supporting the notion that the C terminus is dispensable for spindle assembly in vivo (Li et al., , 2016 . Although RHAMM is essential for acentrosomal spindle integrity (Groen et al., 2004; Joukov et al., 2006 ), it appears dispensable for centrosomal spindle formation and cell-cycle progression, as indicated by antibody (Maxwell et al., 2003) , siRNA ( Figure S1B ; Neumann et al., 2010; Dunsch et al., 2012; Li et al., 2016) , or genetically mediated disruption, including in vivo studies of mouse and human (Tolg et al., 2003; Li et al., 2015 Li et al., , 2016 . RHAMM regulates, however, spindle orientation (Figure 2) in the two brain cell types that perform oriented division (Sun and Hevner, 2014; Zagon and McLaughlin, 1987) .
Determination of the median q angle between the spindle axis and the apical plane ( Figure 2A ) revealed that apical neuroprogenitors in the cerebral cortex of hmmr +/+ mice undergo predominantly planar division. This is demonstrated by the division plane angle q of 8.2 (E15.5 [embryonic day 15.5], metaphase; Figure 2B ) and 8.3 (E15.5, anaphase; Figure 2C ), in agreement with previous studies (Noctor et al., 2008; Konno et al., 2008; Xie et al., 2013; Falk et al., 2017 Figure 2D ).
Metaphase spindles rotate within the general plane of division, which is determined by upstream components (e.g., NuMA-LGN-dynein), before reaching their final orientation at anaphase (Adams, 1996; Siller and Doe, 2009; Peyre and Morin, 2012) . Indeed, the majority of hmmr +/+ apical neuroprogenitors exhibit planar orientation at both phases. In hmmr m/m E12 as well as E15.5 progenitors, the percent of planar divisions is further decreased at anaphase, compared with metaphase, suggesting that the upstream mechanisms cannot sustain the preferred (planar) orientation in the absence of RHAMM-spindle interaction. This finding is consistent with the notion that spindle components (including RHAMM) act as sensors and enforcers of cell intrinsic/extrinsic cues in orienting the division plane (di Pietro et al., 2016) . There are conflicting reports on the orientation of the division plane of postnatal granule cell precursors (GCP) in the cerebellar EGL (Zagon and McLaughlin, 1987; Williams et al., 2015; Haldipur et al., 2015) . We found that, prior to establishing the direction of division, the spindle of GCPs undergoes random orientation (Figures S1C-S1E). At anaphase, GCPs adjacent to the pial surface displayed preferential apicobasal division ( Figures 2F and 2G ). The percentage of GCPs undergoing planar division further decreased in hmmr m/m (Figures 2G and 2H), suggesting a shift from planar to apicobasal divisions caused by RHAMM dysfunction. RHAMM orients the spindle via interaction with CHICA and DYNLL1 (Dunsch et al., 2012) . The hmmr m/m -encoded truncated protein (RHAMM-DC) cannot interact with DYNLL1 ( Figure 2I ) or with CHICA (Li et al., 2016) , suggesting that it is the disruption of the RHAMM-DYNLL1 interaction in the hmmr m/m brain that impairs oriented division of cerebral and cerebellar progenitors. Collectively, the above data indicate that the centrosome-targeting domain of RHAMM is not essential for bipolar spindle assembly in vivo, but it is indispensable for regulated planar division of cerebral neuroprogenitors and GCPs.
What is the consequence of this deregulation for brain development?
In the cerebellum, the GCPs, similarly to cerebral progenitors, detach from the pial surface before they start to differentiate (Butts et al., 2014) . Thus, an elevated number of apicobasal divisions would be expected to lead to premature differentiation of GCPs. Indeed, at PND7 (postnatal day 7), the hmmr m/m cerebellum is larger in size and displays advanced differentiation (Figure 3A ), demonstrated by increased thickness of the molecular layer (ML) and decreased thickness of the EGL ( Figure 3B ). The rate of division of GCPs remains the same between wild-type and mutant ( Figures 3C and 3D ), suggesting that RHAMM regulates the differentiation of GCPs in the cerebellum. This conclusion is supported by the accelerated disappearance of EGL in the mutant ( Figures 3E and 3F) , consistent with the premature increase in PAX6-positive GCs in the IGL (Figures 3E and 3G ). There is no significant change in the number of Purkinje cells ( Figure 3H ), which are of different lineage from the CGPs. (legend continued on next page)
The strong hmmr m/m cerebellar phenotype ( Figure 3A ), consistent with a shift from planar to apicobasal GCP divisions, is poorly reflected in the modest spindle orientation defect of GCPs ( Figure 2G ). These data suggest the existence of distinct GCP subpopulations in the EGL, each having a different preferred division plane orientation (similarly to basal germ cell subpopulations; Li et al., 2016) . We were not able to test this hypothesis, as GCP subpopulation markers have not yet been identified. Consistent with the premature cerebellum differentiation and enlargement at PND7, the hmmr m/m animals present with megalencephaly ( Figures 3I and 3J ). This pathology is already detectable during embryogenesis when cerebrum development is affected ( Figure 4A ). Compared with hmmr +/+ controls, the mutants develop a thick cerebral cortical wall, detectable from E15.5 but not at E12 (cf. Figures 4B and 4C) . Accordingly, the hmmr m/m brain exhibits increased generation of differentiating neurons, demonstrated by HuC/HuD labeling ( Figures 4D and 4E ). Cerebral neurons are derived from apical progenitors (APs) via proliferative and neurogenic divisions (the former exhibiting planar and the latter generally apicobasal orientation). The neurogenic apicobasal divisions generate intermediate progenitors (IPs) and give rise to differentiated neurons. Given the very significant increase in apicobasal divisions in hmmr m/m ( Figure 2D ), we analyzed the impact of truncation on the AP and IP populations expressing PAX6/SOX2 and TBR2, respectively (Woodworth et al., 2012) . At E12, when neurogenesis begins, the RHAMM truncation significantly impaired the spindle orientation of AP cells ( Figure 2D ) but had no effect on the division rate of either AP (Figures S2A-S2C ) or IP cells ( Figures S2D-S2F ) or on cerebral cortex thickness ( Figure 4C ). At E15.5, the PAX6/SOX2-expressing AP layer was unaffected by the mutation, as demonstrated by layer thickness (Figures 4F,  4G , and S2G), number of APs ( Figure 4H ), and their rate of proliferation ( Figures 4I-4K ), compared with wild-type hmmr +/+ APs. In contrast, the number of TBR2-expressing
IPs and the thickness of the TBR2-positive subventricular layer were significantly increased in the hmmr m/m cortex ( Figures 4L-4N and S2H ). Thus, spindle misorientation precedes cortical enlargement in hmmr m/m , suggesting that randomization of the AP cell division plane is causative of the cerebrum developmental defect.
As TBR2-positive cells are derived from the apicobasal division of APs, we hypothesized that the excessive apicobasal division of APs in hmmr m/m causes a change in cell fate of the daughter cells, contributing to the expanded TBR2-expressing cell layer. We thus analyzed the relative abundance of progenitors expressing both SOX2 and TBR2, because they are thought to represent IPs newly derived from APs (Englund et al., 2005) . These cells were significantly increased in hmmr m/m ( Figures 4O   and 4P ), consistent with a decrease, per unit area of the cortex, in the cells that express SOX2 but not TBR2 ( Figure 4Q ). These data suggest that increased generation of IPs contributes to the expanded TBR2-expressing layer ( Figures  4M and 4N) . Indeed, the mutant brain has a higher number of dividing TBR2-positive cells than wild-type (Figures 4R and 4T) . Notably, although the total cell population of TBR2+ progenitors increases, the rate of division of IPs remains unaltered in the mutant ( Figures 4R and 4S ), supporting the notion that the RHAMM truncation has no adverse effects on spindle assembly or cell-cycle progression. This conclusion is further supported by the finding that the hmmr m/m cerebral cortex exhibits no increase in apoptosis ( Figure S2I ), differing from previous models in which centrosome biogenesis or spindle assembly are disrupted, resulting in elevated apoptosis (Yingli et al., 2008; Gruber et al., 2011; Insolera et al., 2014) . Taken together, these data indicate that the misoriented (apicobasal) divisions of PAX6/SOX2-expressing APs led to an increased number of replicating TBR2-expressing IPs in latter can be rescued by deletion of p53 without correcting spindle misorientation (Insolera et al., 2014) .
Our results suggest that spindle misorientation of APs randomizes their predominantly planar divisions (Noctor et al., 2008; Konno et al., 2008; Postiglione et al., 2011; Xie et al., 2013; Falk et al., 2017) , resulting in increased generation of IPs. Thus, the hmmr m/m mouse provides support to the indirect neurogenesis model, which postulates that IPs are formed via apicobasal division, thereby amplifying neuron generation (Postiglione et al., 2011; Konno et al., 2008) .
EXPERIMENTAL PROCEDURES
Mouse transgenesis has been described previously . Colony maintenance and breeding were performed in accordance with the regulations of the relevant authority (TLV, Thüringen, Germany) and under the oversight of the FLI Animal Welfare Committee.
Orientation of Neuroprogenitor Cell Division and Statistical Analysis
The brain sections were labeled with anti-pH3 and -pericentrin/ g-tubulin antibodies to visualize mitotic chromosomes and centrosomes, respectively. Mitotic cells (neuroprogenitors adjacent to the apical membrane of the ventricular side of the cerebral cortex or GCPs adjacent to the pial surface of the cerebellum [ Figures S1B and S1C]) were identified as pH3-positive cells. Images were acquired with an Axiovert 200 microscope (Zeiss) with a 633 objective and imported in ImageJ (NIH). From the images, the long spindle axis of these cells, defined as a line across the two centrosomes, was used to indicate the cell division plane (Figures 2A  and S1C ). The apical plane of the cortex (or the pial plane of the cerebellum), adjacent to the mitotic neuroprogenitor, was defined by a line parallel to the membrane passing the membrane/cell contact point (Figures 2A and S1C ). For each neuroprogenitor (or EGL precursor cell), the angle q between the long spindle axis and the cortex apical (or cerebellum pial) plane was measured in ImageJ. Alternatively, images of H&E-stained brain sections were imported in ImageJ. Anaphase EGL precursor cells were identified according to their chromosome status. Only the anaphase cells in layer 1, adjacent to the pial surface, were used in the quantification (Zagon and McLaughlin, 1987) . The long spindle axis of these cells, defined as a line dissecting both sets of separating chromosomes, was used to indicate the cell division plane ( Figure 2E ). The spindle axis was defined as the line parallel to the direction of separating chromosomes. Adjacent to the mitotic cell, the pial plane of the cerebellum was defined by a line parallel to the membrane passing the cell/membrane contact point ( Figure 2E ). For each EGL precursor cell, the angle q between the long spindle axis and the cerebellum pial plane was measured in ImageJ. , n = 84) ( Figure 2B ). At anaphase, the difference in the two populations in q increased to 15.6 with a 95% confidence interval of 10.7 -23.8 , p = 4.316 3 10 À8 (hmmr +/+ , n = 48; hmmr m/m , n = 57) ( Figure 2C ). When cells at metaphase and anaphase were pooled, the difference in q remained highly significant (p = 3.018e-10) ( Figure 2D , E15.5).
For cortical neuroprogenitors of E12 embryos, the difference of q between hmmr +/+ and hmmr m/m at metaphase was not significant ( Figure 2H ).
The hypothesis that cortical neuroprogenitor spindle orientation is random was tested by the Kolmogorov-Smirnov test. The test was applied on the distribution of spindle angles against an assumed random distribution (each angle has the same probability of appearing), normalizing the angle q between 0 and 1. The test shows that the distribution of spindle angles of the wildtype and mutant cortical cells differ highly significantly from the random distribution in both metaphase and anaphase, and that the predominant (planar) spindle orientation is impaired in hmmr m/m toward a random distribution.
In contrast, the distribution of spindle angles in the wild-type and mutant cerebellar EGL precursor cells appear to be uniformly distributed with no preferred orientation, comparable with the random distribution at metaphase, but significantly differs from the random distribution at anaphase. This analysis indicates that, prior to establishing the direction of division, the spindle of these cells undergoes random orientation ( Figure S1D ). Subsequently, the EGL precursor cells preferentially divide apico-basally (i.e., perpendicular to the pial surface) at anaphase (Figures 2G and 2H) .
Statistical Analysis
Spindle orientation was analyzed by the Wilcoxon rank-sum test and presented as an area plot or dot plot with the median indicated. All other assays were analyzed with the two-tailed Student's t test. Those results are presented as mean ± SD. The hypothesis that neuroprogenitor spindle orientation in the cortex and cerebellum is random was tested by the Kolmogorov-Smirnov test.
Further information on methodology and materials used can be found in the Supplemental Information section.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures and two figures and can be found with this article online at http://dx.doi.org/10.1016/j.stemcr.2017.08.013.
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